E-mail: popov@jlab.org ABSTRACT: We have developed and tested a new detector for use in the fast neutron (FN) imaging radiography applications, which is distinct from other presently known FN imagers. Our device implements a neutron-sensitive scintillator attached to a position-sensitive photomultiplier tube, and operates in the event-by-event readout mode, acquiring energy, timing, and pulse shape information for all detected radiation events. This information is used to help separate events of FN interactions in the scintillator from the background events, caused by the electronics noise and by other types of background radiation. The detector performance for FN imaging application was tested using the D-D neutron generator, designed and manufactured by Adelphi Technology, Inc. This essentially point-like neutron source operates in continuous mode, producing up to 10 9 of 2.5 MeV neutrons per second. Samples made of metals, plastic, and other materials were used to measure the detector resolution, efficiency and uniformity. Results of these tests are presented and discussed. Both X and Y position resolutions of the FN imaging detector are estimated to be less than 0.5 mm (sigma). Because this detector shows the fraction-of-a-millimeter resolution desirable for most of FN applications, is capable of good neutron-background separation, and is built using radiation hard materials, we believe that it could be a good alternative to other FN imaging systems based on CCD or solid state detectors. In addition, because of its sub-nanosecond timing resolution, it is suitable for the time-of-flight energy-resolved FN imaging.
Introduction
Fast neutron (FN) imaging technique can offer insight into the internals of objects where other traditional radiography techniques fail. All materials traditionally used as absorbers or shields for gamma rays or thermal neutrons, such as high-density metals, loaded plastics, cadmium, lead, tungsten, concrete etc., could be analyzed using this technique. Additionally, since the neutron cross section significantly varies with energy, the energy-resolved FN radiography can be used for material detection and selective material imaging for the neutron source energies of about 1 to 20 MeV.
Fast neutron detection
To produce highly efficient imaging detectors with good spatial resolution using thermal neutron imaging technique, high cross sections of neutron capture reactions with 3 He, 6 Li, 10 B, including also some isotopes of Gd are generally used. FN interactions are characterized, in general, by much smaller reaction cross sections. FN energy reduction or "thermalization," using a hydrogenrich moderator, is a common technique for neutron radiation dosimetry. But this method is not appropriate for an imaging application due to the loss of coordinate information after multiple neutron scatterings. To determine a fast neutron interaction point, the local energy deposition by the recoil nuclei in the FN elastic interactions or by the charged fragments of the FN inelastic (nuclear) reactions may be used. In hydrogen-rich materials, the recoil protons are capable of absorbing a significant fraction of the original neutron energy, while providing at the same time a relatively high neutron detection efficiency due to a relatively high neutron-proton elastic interaction cross Figure 1 . PSPMT data readout electronics block diagram. 1 -Scintillator. 2 -H9500 photomultiplier tube, 3 -PSPMT multi-anode decoupling resistors readout matrix with gain non-uniformity correction, 4 -centroid weighting circuit and electronics with the "charge division" type output, 5 -single threshold discriminator connected to the analog sum signal. Discriminator output serves as the trigger for the data acquisition. All five signals are connected over a single 10-wire ribbon cable to the PCI-9812 ADLINK PCI DAQ board installed inside of the designated PC computer.
section. Common plastic scintillators are hydrogen-rich, with the (C 10 H 11 ) n being the most common formula for Eljen Tech. [1] , or Saint-Gobain [2] plastic scintillators. Thus it is possible to use such materials in the position-sensitive FN detectors.
Fast neutron imaging detector 2.1 Detector basics
Fast neutrons with an energy range from about 1 MeV up to tens of MeV produce recoil protons with fraction of a millimeter ranges in plastic scintillators. Each neutron interaction with a scintillator may, therefore, be considered as a point-like light source producing rather significant number of optical photons, allowing the use of the basic idea of Anger camera [3] to find a centroid position of light source inside the scintillator. Instead of the photomultiplier tube array of Anger camera, we built our detector using the H9500 Hamamatsu flat panel position sensitive photomultiplier tube (PSPMT) [4] . The H9500 tube offers a 49x49mm 2 viewable area with 16×16=256 pad-matrix multi-anode output. All anodes are placed into one plane with 3.04 mm pitch in both X and Y directions. This is the finest position-sensitive tube from Hamamatsu, with 89% effective light sensitive area; it is also suited well for multiple tube array applications.
Detector and readout electronics
Our detector was made using one H9500 PSPMT tube, but all readout electronics designs considered possible tile-array operation of several photomultipliers, expanding the detector sensitive area. For this reason, we have produced a very compact electronics circuitry; all printed circuit boards (PCB) are within PSPMT tube side dimensions in order to preserve a modular use of our design.
The detector used 49×49×4 mm 3 Eljen [1] EJ-200-family plastic scintillator, which was attached via silicon optical grease directly to the H9500 tube window. For better light collection, the back side of the scintillator was covered with highly reflective white paper.
PSPMT readout electronics have been designed using the well-proved readout technique, originally developed and patented by Jefferson Lab [5, 13] . This readout exploited efficient and accurate analog signal processing at its front-end. The signal processing schematics consisted of the resistor network for the photomultiplier tube anode gain non-uniformity correction, followed by the output signal decoupling circuit converting signals from the 16×16 pad matrix into the X and Y 16-channel signal projections, and finally followed by the charge division circuit producing four analog outputs (see [6, 7] ). Figure 1 shows the full block diagram of the PSPMT data readout system. All electronics ICs are off-the-shelf components, installed on several small PCB boards, preserving the option for a modular use of the detector with many tubes arranged into a single array.
Coordinate information from the four outputs was extracted using the simple "charge division" formula (2.1).
The neutron detector module is connected to the external data acquisition system over a single 10-wire IDC-type ribbon cable, used for power, trigger, and all of the data lines.
Data acquisition
Dedicated data acquisition system was built from a small ITX form factor PC computer, running Linux OS, and a ADLINK PCI-9812 data acquisition card (DAQ) [8] . The card had four simultaneous sampling analog inputs connected to 12-bit analog-to-digital converters, and could operate at Such multisampling procedure allowed us to extend effective dynamic range of the ADC over 12-bit, and provided extra signal quality information for additional pile-up and noise detection and discrimination. The signal processing technique and software were developed by Lintech, Inc. [9] . The assembled DAQ system acquired the raw information from the neutron detector, stored the data on the hard drive, and provided partial on-line data and image processing. The network connection allowed us to remotely operate the DAQ system, and to retrieve the accumulated data for the off-line analysis and final image reconstruction.
3 Testing of the FN imaging detector
Neutron source
The FN imaging detector was built at Lintech Inc. [9] , and tested using the Deuteron-Deuteron type 2.5 MeV neutron generator at Adelphi Technology, Inc. [10] . Neutron generators of this type use a deuteron beam produced with RF plasma and acceleration voltage in the range from 100 to 140 keV, directed at the titanium-covered cathode, which adsorbs deuterons and works as a deuterium target [11] . The neutron source operates in continuous mode, producing up to 10 9 neutrons per second. Due to the physics of D-D reaction, generated neutrons have a well-defined energy maximum close to 2.5 MeV, slightly dependent on the emission angle. At any given direction, the D-D Adelphi neutron generator operates effectively as an approximately point-like source of constant energy (with the transverse size less or about 10×10 mm 2 ).
Neutron detection
Following the chemical formula (C 10 H 11 ) n of plastic scintillator [2] , the incoming fast neutron could interact with either carbon, or hydrogen nuclei. At 2.5 MeV the FN detection is mostly a non-direct elastic process that is going through the detection of recoil charged nucleus. For E n -incoming neutron energy, the average energy of recoil carbon nuclei is only 0.14 E n , with the maximum at E R\max = 0.28 E n . In contrast, a recoil proton can get up to all incoming neutron energy, E R\max = E n , with average energy 0.5E n . D-D neutron generator used in our test measurements is an essentially monoenergetic neutron source, with neutron energy of about 2.5 MeV. At this energy, the designed imaging detector is only sensitive to the events of neutron elastic scattering on protons. Scintillation light in plastic scintillator caused by 2.5 MeV energy deposition by protons is roughly equivalent to the light from 0.6 MeV equivalent electron/gamma interaction; the light from the corresponding carbon nucleus is much smaller. The amount of light produced by 0.6 MeV electron/gamma corresponds approximately to 4000 photons in a plastic scintillator, and about 700 electrons from PSPMT photocathode.
Test setup
For the test measurements with Adelphi neutron generator, the detector was installed at a distance of about 3 m from the source. At such distance, we obtained up to 3 kHz trigger rate for the data acquisition. Several shadow samples made of plastic and metal were tested, and flood images of generator radiation without any sample were taken for each test run to correct images. The H9500 photomultiplier tube used in the detector, according to Hamamtsu documentation, exhibited 1:2.4 maximum anode gain non-uniformity (anode gain non-uniformity distribution is unique for each tube; for each H9500 tube Hamamatsu provides measured gain map which is used in hardware gain correction circuit [5, 6] ). The hardware gain correction implemented in the electronics helped make the response of the PSPMT uniform across the tube face with accuracy of the order of 5%. Our tests show that corrected uniformity in the central area 40×40 mm 2 is indeed in a range of ±5%, which includes all contributions of photomultiplier and readout electronics. However, the light collection non-uniformity across the scintillator remained, as the loss of light is more significant close to the edges of the square. Figure 2 shows a surface plot of the detector gain, measured during the open detector (flood) runs. The gain dependence on (X,Y ) coordinates was determined using the characteristic feature of the expected signal amplitude distributionnamely, a sharp fall of the spectrum at the energy corresponding to the maximum neutron energy of 2.5 MeV, fully transferred to a proton. Position of this feature in the energy scale was measured for every bin in the (X,Y ) distribution, in arbitrary units proportional to the ADC channels of the readout. Final energies were corrected to this function to obtain uniform event selection criteria across the detector face.
Hardware threshold was adjusted to reject most of the low energy X-ray background corresponding to the neutron generator operation. In addition, for better neutron signal separation from the background, an energy window was used, cutting away events with energies above the maximum neutron energy. Neutron generator operation does not show any serious electric noise, and we could adjust the discriminator to a relatively low level. Figure 3 shows a typical energy spectrum of gain-corrected signals recorded with our detector.
The typical energy spectrum obtained with FN detector during testing with 2.5 MeV neutrons from the D-D generator shows a presence of X-ray background correspondent to the neutron generator operating at 120 kV high voltage. In addition to the low energy X-rays we also observed some higher energy gamma background from copper, the base material of the titanium target support structure. Copper nucleus, exited by 2.5 MeV neutrons, produces gamma radiation with energies from 0.6 MeV to 1.8 MeV [12] . It is possible to reject a significant part of x-ray and part of gamma background by choosing the proper energy window.
Detector performance
FN detector efficiency, position resolution and contribution of non-neutron radiation in the image were measured by using the phantom built from the square-section polystyrene plastic bars. Polystyrene is a hydrogenous plastic material with neutron interaction properties practically identical to a plastic scintillator. The phantom was built out of 11 bars of 4.8×4.8 mm 2 section, with lengths in the range from 10 to 60 mm, placed 5 mm apart. Figure 4 shows the layout and the photo of this phantom, together with one raw and one flood-corrected image, which both indicate the square shape of the shadows, and the variable gradual neutron flux attenuation in the plastic bars. Figure 5 shows the samples of X and Y slices of the corrected image ( figure 4D ) through the middle of the bar rows and columns. These projections allowed us to estimate spatial resolutions, which are close in both X and Y directions: σ x = σ y = (0.45 ± 0.15) mm. The estimate is conservative, due to such factors as plastic strip alignment errors, the finite size of the neutron radiation source, and some background of scattered neutrons. The measured image intensity in the shadows of the bars depends strongly on their thickness, as demonstrated in figures 4D and 5. Figure 6 shows the bar radiation attenuation function as it was measured, together with the attenuation function, which was calculated using GEANT3/GCALOR neutron interaction simulation code and the computer model of the setup irradiated by the uniform and parallel 2.5 MeV neutron flux. Single exponential function provides a good fit to the simulation results, but the real polystyrene absorption measured during the test cannot be represented as a single exponential function. The measured polystyrene bar transparencies may be understood within the hypothesis of the two radiation sources with different absorption by the bars, one of them neutron, and the other the background, including gammas and scattered neutrons. Our conclusion is represented by the eqs. stands for the contribution of the background, relative to the neutron flux.
Data fit gives A n = 49.3 mm; A γ ≈ 10 6 mm; G = 0.504 Large value for A γ indicates that we have a constant uniform background, and a final measured transparency function in this run was:
About 1/3 of all events in this test were coming from gammas or other background radiation. This test was performed in absence of any additional X-ray or gamma protection in front of imaging detector. Shielding made of lead or other high Z material reduces background contribution into final image. Figure 7 shows both the energy spectra obtained with a 1 / 4 inch lead shield in front of the imaging detector, and without it.
Neutron generator energy spectrum
Because deuterons in neutron generator hit the target being accelerated up to 120 keV in the Lab. system, there is an asymmetry in the energy spectrum of generated neutrons. Neutrons generated in forward direction are more energetic than those emitted backward. The difference is relatively small, but still may be used in specific neutron energy sensitive measurements. To see qualitatively the effect of energy dependence on the direction of neutron emission, we made three measurements with the detector at approximately 30 o , 90 o and 150 o relative to the direction of incoming deuterons. Figure 8 shows the three energy spectra obtained in these measurements. 
Discussion
New fast neutron imaging detector with a sub-millimeter spatial resolution was designed and tested. The detector operates in an event-by-event counting mode, providing energy, timing and position information for each neutron interaction event. Due to the counting mode of operation and due to the single-nanosecond timing accuracy, this detector is suitable for accurate time-of-flight energyresolved imaging applications. Distinct from the frame integrating modes, which is frequently used in neutron imaging systems, the counting operation mode of presented detector helps to better suppress backgrounds and delivers ultimate contrast in neutron imaging. The coordinate information for each detected neutron is obtained by using the signal position encoding in the front-end electronics, and then by using subsequent multi-sample signal digitization and pulse shape analysis. Our tests with the 2.5 MeV neutron source have demonstrated that the reconstructed event position could be found with accuracy better than 0.5mm in both X and Y directions. The detector is connected to the dedicated data acquisition station with only four output signal lines and may operate at hundreds kHz event rates. Multiple detectors could be joined into a single array with virtually no dead areas between the units. Modular FN radiography detectors based on this new method will be suitable for practical use in material science, biology, medicine, cargo control, and other applications.
